KH2PO4, 2-0 g.; biotin 0-04 mg.; thiamine, Ol mg.; inositol, 0-2 g. To this was added varying amounts of bacteriological peptone (Evans) and thenitrogen compounds under test. The pH was adjusted to 5*8. Sterilization was carried out by autoclaving at 15 lb./sq.in. for 15 min.
Although the peptone would probably contain sufficient quantities of inositol, biotin and thiamine, it was considered advisable to add always the optimum amounts advised by Schopfer (1944) . This would eliminate possible variations in the vitamin content of different batches of peptone and also the difference in vitamin levels when various concns. of peptone were being compared.
All the amino acids used except tyrosine, phenylalanine and tryptophan and all the purines and pyrimidines were obtained from L. Light & Co. Ltd., Colnbrook, Bucks; tyrosine, phenylalanine and tryoptophan were obtained from British Drug Houses Ltd., London; 1:2-dimethyl-4-amino-5-(D-l'-ribitylamino)benzene and 1:2-dimethyl-5-(Dl'-ribitylamino)benzene were the gift ofDr E. S. Holdsworth and 4:5-dimethylbenziminazole the gift of Dr V. Petrow.
Cultural condition8. The media (15 ml.) were dispensed in Erlenmeyer flasks (50 ml.) , inoculated and incubated in a water-jacketed incubator in the dark at 280 without shaking. The patent literature makes it clear that riboflavin synthesis is stimulated considerably in shake cultures. It was not possible to shake the cultures in the present investigation, but this is no drawback providing the conditions are always standardized. Each flask was inoculated with three drops of a spore suspension drawn from a 2-day-old culture grown on the basal medium plus 0-4 % (w/v) peptone. This procedure was adopted following the observation of Tanner et al. (1949) that, with A8hbya gomsypii, best yields of riboflavin were obtained when the inoculum vol. was about 0.5 % of the total vol. of the medium and when it was obtained from young cultures. This point was not tested in E. a8hybii, but the procedure just described was found to be extremely satisfactory and to yield very reproducible results.
Analytical procedure8. Three replicate flasks were examined in each experiment. The major part of the medium and mycelium was transferred to a thin, 15 ml. tared centrifuge tube and centrifuged in a small bench centrifuge for 5 min. A portion of the supernatant was taken for riboflavin determination and the remainder discarded; any mycelium remaining in the culture flask was transferred quantitatively to the centrifuge tube which was again spun for 5 min. The residual medium was decanted off and the mycelium twice washed thoroughly with distilled water, followed each time by centrifuging. The washed mycelium was then dried at 800 for 24 hr.
Riboflavin in the medium was determined spectrophotometrically by measuring the E value of the centrifuged medium at 445 my., the wavelength of max. absorption for riboflavin in the visible region of the spectrum. By comparing this value with the El % (445 m,u.) value for pure riboflavin (301; Adamson, 1948) , the amount ofriboflavin in the medium could easily be calculated. This procedure was justified for a number of reasons: (a) the starting medium exhibited almost negligible absorption at 445 m,., (b) the absorption spectra of different specimens of riboflavincontaining media were not significantly different from that of pure riboflavin, and (c) paper chromatography of the medium according to the method of Crammer (1948) for riboflavin and its derivatives showed that the pigment was almost entirely riboflavin; apart from riboflavin there only existed minute traces of a spot with blue fluorescence in u.v. light with an RF value very close to that given by Crammer (1948) for riboflavin phosphate. The riboflavin in the myceium was extracted by adding 10 ml. of HCI to the washed residue in the centrifuge tube and autoclaving at 15 lb./sq.in. for 15 min. After cooling, the supernatant, was made up to an appropriate volume (usually 15 ml.) and the riboflavin determined spectrophotometrically. The residual mycelium was completely colourless. Table 1 shows twelve triplicate values obtained for riboflavin synthesis in the basal medium containing 5 mg. peptone N/100 ml. These results were obtained over a period of 18 months and show that whilst reproducibility between flasks in any one experiment is usually excellent, the amounts of riboflavin produced under apparently identical cultural conditions at different times can vary considerably. The reason for these variations is not known, but they emphasize the need for adequate controls. The 'experimental' flasks showed the same range of variations. Occasionally (about 1 in 200 flasks), an aberrant flask is obtained, in which riboflavin synthesis is very much greater than expected, but growth is very much reduced.
RESULTS

Reproducibility of results
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Although most of the stimulatory effects dealt with in this paper are large, generally at least 50 % above normal, it is obvious from Table 1 that under optimum conditions it would be possible to demonstrate significant stimulations of the order of 10-20 % above normal. The effect of age on growth and riboflavin synthesis A typical time curve for growth and flavinogenesis by E. ashbyii cultured on the basal medium containing 024 % (w/v) peptone (Fig. 1) , shows that growth was complete after 5 days but that riboflavin production, increasing at almost the same rate as growth during the first 5 days after inoculation, continued until about the seventh or eighth day. Thereafter, net production of riboflavin was almost nil. Following these observations, it was decided that in subsequent experiments only 5-and/or 9-to 10-day cultures would be examined. 5  Mean  1  145  159  152  152  2  122  177  170  156  3  185  175  158  173  4  185  214  178  192   5  250  305  249  268  6  180  188  188  185  7  145   150  140  145  8  106  102  111  106   9  167  176  193  175  10  146  130  136  137  11  182  208  178  189  12  254  246  238 The effect of the concentration of peptone The effect ofvarying the concentration ofpeptone was examined in the presence and absence of 0-1 % (w/v) glycine. Table 2 shows that the presence of glycine had no effect on the action of peptone on riboflavin production; there does appear to have been in this case a slight stimulatory effect on growth, although this was not confirmed in other experiments (see, for example, Table 4 ).
Comparing Fig. 1 and Table 2 , it will be seen that the observations recorded in Fig. 1 , that growth but not flavinogenesis is complete after 5 days' incubation, have been confirmed. (Table 3) showed, however, that the spread is rather wide, and that the highest concentrations of riboflavin are produced over a peptone concentration range of 0-16-0-40 % (w/v). VoI. 57
Effect of various amino acid8 on flavinogene8i8
Two control media were used: A consisted of the basal medium plus peptone (= 0-005 %, w/v, N); which gave a reasonable growth (about 10 mg. dry wt. per 15 ml.) but only a comparatively small production ofriboflavin. Medium B consisted ofthe basal medium plus 0-025 % (w/v) peptone N. This gave about twice the dry weight produced by A and more than twice the amount of riboflavin. By adding various N sources to medium A in amounts calculated to bring the total N content of the medium to that of B, the ability of the N sources to stimulate the synthesis of riboflavin could be assessed and compared with that of peptone. Table 4 gives the results obtained when most of the known amino acids except tyrosine and tryptophan (see later) were examined in this way. It will be seen that most of these amino acids are incapable of stimulating either growth or flavinogenesis, whilst L-cysteine inhibited growth completely. Two amino acids, however, DL-serine and DL-threonine, specifically stimulated riboflavin production. L-Asparagine, L-aspartic acid and L-glutamic acid stimulated both growth and riboflavin production equally, as evidenced by the same concentrations of riboflavin in these cultures as in the B controls. They could not, therefore, be considered to have a specific effect on riboflavin. A few amino acids (e.g. L-cystine) tended to inhibit growth slightly without affecting riboflavin synthesis. This resulted in a somewhat higher riboflavin concentration than in the control medium, but as the effect was slight by comparison with that of DL-threonine and DL-serine and, more important, because the amount of riboflavin was never greater than that in the controls, these amino acids were not examined further.
Of the two specifically stimulating amino acids, threonine was examined in more detail and it was shown ( Fig. 2 ) that maximal stimulation was achieved with 0-5 mg. L-threonine N/100 ml.
Further experiments showed that D-threonine was inactive but in no way inhibitory, whilst, as might have been expected, DL-threonine was (below the plateau level) one half as active as the L isomer. In the presence of 25 mg. peptone N/100 ml., the efAect of L-threonine is almost obliterated, presumably because sufficient is present in the extra peptone.
The two common amino acids not included in Table 4 are L-tyrosine and L-tryptophan. They were not sufficiently soluble at the pH of the medium to be examined at a level of 20 mg. N/100 ml. They were, therefore, examined at lower concentrations Table 4 . Growth and riboflavin synthes8i8 by E. ashbyii in presence of various amino acid8 Dry wt. and riboflavin production per 15 ml. medium in 50 ml. conical flasks; temp. 280; media A and B contain the basal medium + 5 mg./100 ml. and 25 mg./100 ml. of peptone N respectively: other media contain 5 mg. peptone NIIOO ml.
plus an amino acid at a concentration equivalent to 20 mg. N/100 ml.
Five-day cultures
Dry wt.
(mg.) 13-7 7.9 9-6 13-6 27-2 20-5 14-5 (0-5-8-0 mg. N/100 ml.) and it was found that DLtryptophan was without effect on flavinogenesis, although growth was inhibited slightly; at the highest concentration flavinogenesis as well as growth appeared to be inhibited. L-Tyrosine, on the other hand, stimulated riboflavin synthesis, but was much less effective than threonine (Table 5 ). The first unequivocal response was obtained with a level of4-0 mg. N/100 ml., whilst with threonine maximal response was obtained with 0-5 mg. N/100 ml. (Fig. 2) . The possibility existed that the weak effect of tyrosine was due to an impurity in the sample used. Paper chromatography revealed only one spot (tyrosine) and no other amino acid was detected. The presence of a trace impurity in tyrosine appears to be unlikely, for such an impurity might be expected to occur also in other amino acids, e.g. L-phenylalanine which is probably isolated from a similar source. DL-Phenylalanine was examined in more detail but with entirely negative results (Table 6 ).
Paper chromatography (Crammer, 1948) of the media in which riboflavin synthesis had been stimulated showed that in all cases the flavin produced was chromatographically indistinguishable from riboflavin.
Effect of purines and pyrimidines Following the observations of Maclaren (1952) that certain purines stimulated flavinogenesis by E. ashbyii, a number ofpurines and pyrimidines and their derivatives were tested under the same conditions as were the amino acids. Vol. 57-and riboflavin synthesis with thiouracil but no specific effect on riboflavin; alloxan is very much more inhibitory than thiouracil.
More detailed examTination of adenine and xanthine (Tables 8 and 9) show that xanthine tends to be somewhat more effective than adenine but that, in contrast to the observations with the flavinogenic amino acids, the stimulation continues to increase up to the highest levels examined. It will be noticed that with adenine there was no stimulation of growth even with the highest concentrations, but that with xanthine there appeared to be some growth stimulation at high concentrations. 
The results given in Table 7 indicated that uracil had only a doubtful inhibitory effect on riboflavin synthesis when tested at a low concentration compared with that used by Maclaren (1952) , who obtained marked inhibition. Uracil was accordingly tested under our conditions at the levels employed by Maclaren. It will be seen (Table 10) that at concentrations of 50 mg. N/100 ml. and above very little effect on growth was observed but that flavinogenesis was inhibited to the extent of about 50 %. If, as Maclaren suggested, uracil exerts its inhibitory action by blocking the incorporation of a purine into the riboflavin molecule, then this effect should be most marked under conditions where purines would normally be stimulating riboflavin synthesis. Table 11 shows that under these conditions using adenine as the purine, there was only very slight inhibition even when the uracil concentration was 4 times that of adenine.
Effect of derivatives of 4:5-dimethyl-o-phenylenediamine
Other nitrogeneous compounds which might be precursors of riboflavin are. 5:6-dimethylbenziminazole and 1:2-dimethyl-4-amino-5-(D-l'-ribitylamino)benzene. These, together with 1:2-dimethyl-5-(D-1'-ribitylamino)benzene,havebeenexaminedin the same way as the previous compounds at a level equivalent to the level of adenine (4 mg. N/100 ml.) used in previous experiments. The results of one of these experiments are recorded in Table 12 . No stimulation was observed and in fact there was in two cases slight but definite inhibition. This inhibition has been confirmed in other experiments (see, for example, Table 14) .
Miscellaneous nitrogen compounds A number of other nitrogeneous compounds have also been examined and the results of one such experiment are recorded in Table 13 . It will be seen that glucosamine considerably inhibits both growth and riboflavin synthesis equally, whilst (NH4)2SO4 is without obvious effect. Urea is interesting in that in all experiments at the higher level it has proved non-stimulatory for riboflavin; at the lower level, on the other hand, it is occasionally slightly stimulatory, as in the experiment recorded in Table 13 . The reason for this spasmodic stimulation is not known.
Combined effect of various nitrogen sources
The effect on riboflavin synthesis of the addition of other nitrogeneous substances to a medium containing L-threonine at its optimum level has been examined. In the results set out in Fig. 3 , riboflavin production is recorded as the percentage stimulation above the control level. It was not considered necessary to record the dry weights of the mycelia, although they were measured, because, as shown earlier, none of the substances examined has any obvious effect on the growth ofthe organism. Fig. 3 shows that the addition of the other stimulatory amino acids DL-serine and L-tyrosine did not enhance the effect due to L-threonine alone and that urea and (NH4)2SO4 were also inactive. The addition of the purine adenine, however, enhanced the Lthreonine effect and produced more riboflavin than could be expected from a simple summation of the increases obtained when these two substances were tested separately. Similar experiments carried out using the basal medium containing 4 mg. adenine N/100 ml. and to which other nitrogen sources were added, again showed (Fig. 4) Fig. 1 . A, L-threonine alone (1 mg. N/100 ml.); B, DL-serine alone (10 mg. N/100 ml.); C, A +B; D, Ltyrosine alone (5 mg. N/100 ml.); E, A +D; F, A +urea* (5 mg. N/100 ml.); G, A + (NH4)3S04* (10 mg. N/100 ml.); H, adenine alone (4 mg. N/100 ml.); I, A +H. * (NH4)2SO4 alone is without stimulatory action, whilst urea alone has a slight effect (Table 10 ).
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also obtained with urea and to a slight extent with L-tyrosine, whilst (NH4)2S04 was completely inactive.
It was thought that the failure of 5:6-dimethylbenziminazole and 1:2-dimethyl.4-amino-5-(D-l'-ribitylamino)benzene to stimulate riboflavin synthesis might be due to the absence of the appropriate coupling compound (e.g. alloxan)
. Consequently, they were tested in the presence of small noninhibitory amounts of alloxan (4 mg. N/100 ml.) and adenine (4 mg. N/l00 ml.) and DL-threonine (2 mg. N/100 ml.). In the first case there was no stimulation of riboflavin synthesis and in the latter there was no potentiation of the adenine and threonine effects. . The combined effect of the addition of adenine and one other N source on riboflavin synthesis. Results expressed as described in Fig. 3 and experimental conditions as described in Fig. 1 . A, adenine alone (8 mg. N/100 ml.); B, A +L-threonine* (1 mg. N/100 ml.); C, A + L-tyrosine* (5 mg. N/100 ml.); D, A + urea* (5 mg.
N/100 ml.); E, A + (NH4)2S04* (10 mg. NIIOO ml.); F, A +DL-;serine* (10 mg. N/100 ml.). * For control values of the additional N source values see Fig 3 and Table 13 . 
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Riboflavin in the mycelium According to Deseive (1947) the mycelial riboflavin (which is mainly in the form of flavin-adenine dinucleotide (Forrest, private communication)) in E. ashbyii is negligible compared with that in the medium. On checking this under our conditions this was found not to be so. Table 14 shows that about 30-40 % of the total riboflavin produced is in the mycelium. The possibility that the increased riboflavin observed in the medium in the presence of threonine, serine and purines might be due to the liberation of mycelial riboflavin into the medium is ruled out by the demonstration (Table 14 ) that in the presence of these stimulators the mycelial riboflavin is also increased, but not to the same extent as is the riboflavin in the medium. The results in Table 14 also show that the failure of glycine (which might be expected to be active because of its possible conversion into serine), 5:6-dimethylbenziminazole and 1:2-dimethyl-4-amino-5-(D-1'-ribitylamino)benzene to stimulate riboflavin synthesis is not due to the failure to release riboflavin from the mycelium into the medium.
DISCUSSION
Comparison with earlier work on amino acid utilization It is somewhat difficult to compare the results of the present amino acid experiments with those of other investigators (Schopfer & Guilloud, 1945b; Chin, 1947; Deseive, 1947; Hickey, 1953) because the experimental conditions were' so different and, apart from Hickey, none of these investigators examined either serine or threonine. In Hickey's experiments they were examined in culture media in which they were the sole source of nitrogen, and, as might be expected from the present work, they did not support growth of the organism.
In agreement with Chin (1947) and Hickey (1953) it has been found that asparagine, aspartate and glutamate were good nitrogen sources for both growth and riboflavin synthesis, and it is difficult to explain the results of Schopfer & Guilloud (1945b) which indicated that no growth or riboflavin was produced on aspartate or glutamate.
The present work confirms the observations of Deseive (1947) that L-cysteine inhibits considerably growth and flavinogenesis.
CH8-CH N COOH
OH OH CHs-CHNbH2>COOH CH It is interesting that in the present experiments glycine had little if any effect on growth of E. ashbyii and these results tend to confirm those of Dulaney & Grutter (1950) , who concluded that glycine was not utilized by this organism. Schopfer (1944) , on the other hand, found that glycine stimulated growth in the presence of some samples of peptone and not in others. Most of the amino acids fall into the same category as glycine, but it ought to be emphasized that it is not necessarily true that they are not metabolized by E. ashbyii.
If, for example, growth alone had been the criterion, then L-threonine would have been considered inert.
Role of amino acids and purines in biosynthesis of riboflavin The most likely explanation of the stimulation of riboflavin synthesis in E. ashbyii by certain amino acids and purines is that they are sources of specific building units which, under the prescribed experimental conditions, are limiting factors. It is possible, however, that the effect might be indirect and, although this appears unlikely, it remains for isotope studies, at present in progress, to decide this unequivocally. There is, however, some evidence that in the closely related organism A. gos8ypii, the biosynthesis of riboflavin follows a very similar course to that of the purines. Recent work by Plaut (1953a) with this organism has shown that 14C-labelled formate and CO2 are incorporated almost entirely into C2 and C4 of riboflavin respectively. This agrees with the present views on the incorporation of these units into purines (see, for example, Brown, 1953) . The position of glycine which is specifically incorporated into purines but which does not under our conditions stimulate riboflavin production appears to be somewhat anomalous. There is, however, no reason to believe that because it does not stimulate riboflavin synthesis it cannot be incorporated into the molecule, and very recently Plaut (1953 b) has shown that incorporation can take place.
Assuming then the incorporation of the stimulatory amino acids and purines into riboflavin, many interesting possibilities arise. The fact that the amino acid stimulations are not cumulative suggests that they probably provide the same building unit. As the effect of amino acid plus purine is cumulative, the biosynthesis could be envisaged, using threonine and xanthine as examples, formally as follows: On this scheme the amino acids function only by providing a carbon source, which is incorporated into the aromatic moiety of riboflavin. It is obvious that threonine and serine must provide the same or closely related units. It is not yet known whether the slight activity of tyrosine is possibly due to a limited ability of the fungus to split off serine from the molecule.
The observation that the addition of purine to a medium containing optimum amounts of Lthreonine produces an effect greater than the sum of the two separate effects suggests that stimulation by L-threonine alone ceases at a low concentration because purines or their immediate precursors become the limiting factors. Addition of a purine results in the utilization of the remainder of the L-threonine and also in the stimulation of flavin biosynthesis due to the utilization of the purine itself; this is possible, for the conversion of purine into riboflavin is, even at low concentrations, only of the order of 20-30 %. The failure of 1:2-dimethyl-4-amino-5-(D-.'-ribitylamino)benzene (I) to stimulate the synthesis of riboflavin alone or in the presence of non-toxic amounts of alloxan strongly suggests that a biosynthetic pathway similar to the chemical synthesis of Banerjee, Dittmer & du Vigneaud (1945) involving the condensation of (I) with alloxan, is not the major pathway in this organism, if it occurs at all. Smith & Emmart (1949) , however, did observe a slight stimulation of riboflavin synthesis in Mycobacterium tuberculosis with both (I) and alloxan.
The absence of stimulation of riboflavin synthesis by 5:6-dimethylbenziminazole (there is actually a slight inhibition) and (I) also makes it very unlikely that in E. ashbyii, at least, the pathway for riboflavin biosynthesis is similar to that for the cobalamins in other micro-organisms, e.g. Escherichia coli, where both 4:5-dimethyl-o-phenylenediamine and riboflavin itself stimulate the biosynthesis of cyanocobalamin in a vitamin B12-requiring mutant (Ford & Holdsworth, 1954) .
General aspects of amino acid metabolism
From the general point of view of amino acid metabolism, it is extremely interesting that serine is active in promoting flavinogenesis and glycine is not. Although glycine has been demonstrated to be the precursor ofserine in many animal tissues and in some micro-organisms, e.g. Torulopsis utilis (Ehrensvard, Sperber, Saluste, Reio & Stjernholm, 1947) , it seems that E. ashbyii cannot bring about this conversion. From a similar point of view the activity of L-tyrosine and the inactivity of Lphenylalanine suggests that the latter cannot be converted into the former in E. ashbyii. This would appear to fit in with recent work on Esch. coli (Simmonds, Tatum & Fruton, 1947; Davis, 1950) which suggests that there are independent routes of synthesis of these two amino acids and that phenylalanine is not converted into tyrosine. Other amino acids tested were without obvious effect on riboflavin synthesis, but some inhibited growth slightly.
3. Under the same conditions the purines xanthine and adenine, and adenosine, stimulated flavinogenesis whilst most pyrimidines and their derivatives were without effect, although alloxan inhibited both growth and riboflavin synthesis. At very high concentrations, uracil inhibited riboflavin synthesis, although it did not inhibit the adenine-stimulated production of riboflavin.
4. Neither 5:6-dimethylbenziminazole nor 1:2-dimethyl -4 -amino -5 -(D -1' -ribitylamino) benzene stimulated riboflavin production under the same conditions. 5. Of the other nitrogen-containing compounds tested, urea in low concentrations occasionally stimulated and (NH4)2SO4 was without effect.
D-Glucosamine was a powerful inhibitor of both growth and riboflavin.
6. The effects of the stimulatory amino acids are not cumulative, whilst those of a purine and an amino acid are.
7. The significance of these results in relation to the problem of the biosynthesis of riboflavin is discussed.
